predicted and discovered Sr 2 LiAlO 4 , a quaternary compound with a layered structure crystallizing in the monoclinic space group P2 1 /m, and they refined the structure from PXRD data. Upon partially substituting strontium with europium, the substance exhibits a yellow broadband luminescence consisting of two overlapping emission bands. In this paper, the crystal structure of Sr 2 LiAlO 4 is confirmed by additional SC-XRD measurements and a newly discovered polymorph of Sr 2 LiAlO 4 is presented crystallizing in the orthorhombic space group Cmcm. When Eu 2+ is incorporated, this polymorph exhibits only one of the emission bands present in the P2 1 /mpolymorph. Additionally, two substitutional variants of Sr 2 LiAlO 4 are presented along with their luminescence properties upon incorporating Eu 2+ . One with a partial substitution of strontium for barium, leading to a structure in space group Pnma, and one with a partial substitution of oxygen for nitrogen, exhibiting the structure in space group Cmcm. The structure-property relationships in the above mentioned compounds are discussed with regard to their luminescence performance.
Introduction
Phosphors for the ever growing LED-lighting sector have been an important research field over the last decades [1] [2] [3] [4] . Within this class of materials, europium-activated phases have emerged as a promising substance class for inorganic phosphors with some of them, such as β-SiAlON, RE 2 Si 5 N 8 :Eu 2+ (RE = Ca, Sr, Ba) and CaAlSiN 3 :Eu 2+ , becoming standard phosphors in the industry [5] [6] [7] [8] . Recent developments, such as the discovery of SLA [9] and SALON [10] , also demonstrated that there is still much potential within this substance class and the number of Eu 2+ based phosphors is still increasing [1, [11] [12] [13] [14] [15] [16] . The key properties of these phosphors (spectral position, emission profile, thermal quenching, etc.) emerge from their respective structures and must be optimized to match the requirements of any given application. Therefore, the question of the exact relations between the structure of the host material and the luminescence properties upon incorporating Eu 2+ became more and more pressing. The main difficulty when tackling this question is that a change of a compound's structure is usually linked to a change in its composition and vice versa. The influence of the composition can be evaluated by studying the effect of a partial substitution of one or more of the constituting elements in a system, which tolerates this substitution without undergoing structural change [17] [18] [19] [20] [21] [22] [23] . Much rarer is the case of a host structure which exhibits polymorphism, like e.g. SrSi 2 O 2 N 2 [24] [25] [26] [27] and BaAl 2 O 4 [28] and thereby offers an opportunity to study the effects of a structural change on the luminescence, while the chemical composition remains unaltered. The recently published compound Sr 2 LiAlO 4 :Eu 2+ now also offers such an opportunity [29] . The phosphor was published by Wang et al. with a monoclinic structure, crystallizing with space group P2 1 /m. In this contribution, a new polymorph of this phosphor is presented along with substitutional variants. The structures and the luminescence properties are discussed and the structural differences are interpreted with respect to their influence on the luminescence.
Results and discussion

Crystal structure
All structures presented in this contribution share a common basic framework. In the following paragraphs this general framework is described and the distinguishing features of each compound are discussed.
The structures consist of corrugated layers which are built up from (Al/Li)O 4 tetrahedra hosting the alkalineearth cations between them. This setup can be described as Sr 2 {uB,1 2 ∞ }[ 2 LiAlO 4 ] following the nomenclature introduced by Liebau [30] . An illustration of this framework is given in Fig. 1 for the newly found Sr 2 LiAlO 4 polymorph crystallizing in space group Cmcm.
The tetrahedra are connected via common vertices. The oxygen atoms are coordinated by four alkaline-earth atoms and two tetrahedra centers.
There are two types of coordination spheres for the oxygen atoms in the Sr 2 LiAlO 4 polymorph crystallizing in space group Cmcm (see Fig. 2 ). For the oxygen atoms connecting the tetrahedra with alternating orientation, the centers of the tetrahedra occupy opposite positions within the oxygen coordination sphere (trans). This leads to slightly shorter distances between the oxygen atom and the centers of the tetrahedra. In the coordination sphere of the oxygen atoms connecting the tetrahedra with identical orientation, the centers of the tetrahedra are located next to each other (cis) leading to slightly longer distances between the oxygen atom and the centers of the tetrahedra.
The resulting connectivity pattern can be described as a layer consisting of interconnected strands. The tetrahedra within these strands exhibit an alternating orientation (up/down), resulting in the aforementioned corrugated layers. One of these layers is depicted in Fig. 3 . The alkaline earth sites are coordinated by eight oxygen atoms resulting in a bicapped trigonal prism, as depicted in Fig. 4 . Since the two capping atoms are much further away from the central atom, this pattern might also be described as a 6 + 2 coordination in order to reflect the much smaller influence of the capping atoms on the central atom.
The structure determination of the monoclinic Sr 2 LiAlO 4 polymorph as described by Wang et al. was based on powder data. Our SC-XRD measurements now confirm the proposed structural model. This polymorph of Sr 2 LiAlO 4 crystallizes in the monoclinic space group P2 1 /m (no. 11) with the lattice parameters a = 5.823(2), b = 5.642 (2) , c = 6.652(2) Å, and β = 106.77(2)°. Within this structure, there are seven distinct crystallographic sites. Two sites are occupied by strontium and three by oxygen atoms. The remaining two sites are at the center of a tetrahedral coordination sphere, with one of them occupied by lithium and the other one by aluminum atoms. The bond lengths are well within the expected range for Li-O and Al-O bonds, the lithium-centered tetrahedra being slightly larger than their aluminum-centered counterparts. The coordination polyhedra of the two strontium sites differ in size with the average bond length being 2.694(5) Å for the Sr1 site and 2.667(6) Å for the Sr2 site (see Table 1 ). The newly found polymorph of Sr 2 LiAlO 4 crystallizes in the orthorhombic space group Cmcm (no. 63) with the lattice parameters a = 3.3201(3), b = 11.140 (2) , and c = 5.6190 (6) Å. There are four distinct crystallographic sites within the structure, two of which are occupied by oxygen atoms. Unlike in the P2 1 /m-polymorph, there is only one strontium site within the structure, which is coordinated by eight oxygen atoms in the form of a bicapped trigonal prism (6 + 2 coordination) with an average Sr-O bond length of 2.668(6) Å. This is especially noteworthy, as it carries implications for the luminescence upon incorporation of Eu 2+ . The fourth crystallographic site is tetrahedrally coordinated by four oxygen atoms and exhibits a statistical mixed occupancy by aluminum and lithium. This is one of the key differences to the monoclinic compound in which aluminum and lithium each occupy distinct sites within the structure. The (Li/Al)O 4 tetrahedra are connected via common vertices along the crystallographic c and a axes. The chains of alternating tetrahedra run along the crystallographic c axis. The polymorphism thus is the result of an ordering within the layers while the stacking remains unchanged. Yet another form of polymorphism in layered structures is exemplified by SrSi 2 O 2 N 2 :Eu 2+ . Therein, the layers in the two polymorphs are identical, but the stacking of the layers is different (polytypism) [24] .
By partially substituting strontium for barium it is also possible to realize a third structural variant, which crystallizes in the orthorhombic space group Pnma (no. 62) with the lattice parameters a = 6.6896 (5) , b = 11.2108 (7) , c = 5.6402(4) Å and the overall formula Sr 1.85 Ba 0.15 LiAlO 4 . It can be described as an ordered variant of the Cmcmpolymorph with distinct positions for the aluminum and 
Luminescence
The emission of the monoclinic (P2 1 /m) polymorph of Sr 2 LiAlO 4 :Eu 2+ , as described by Wang et al. [29] , consists of two overlapping emission bands, which are probably the result of Eu 2+ substitution on the two different strontium sites. The first emission has its peak at about λ = 512 nm, the second one at roughly 559 nm. Both emission bands are also present in the spectrum of the sample crystallizing in space group P2 1 /m used for the SC-XRD measurement, although with slightly shifted emission maxima, 507 nm and 562 nm, and inverse relative intensities. The reason for the inverse intensities is most probably the use of different excitation wavelengths. In this work, a 460 nm laser was used for excitation while Wang et al. carried out their measurements with an excitation at 394 nm.
The Cmcm-polymorph of Sr 2 LiAlO 4 :Eu 2+ exhibits a single emission with a maximum at 565 nm (17 700 cm −1 ; 2.20 eV) with an fwhm (full width at half maximum) of 58 nm (2230 cm −1 ; 0.28 eV). The absence of a second emission can be explained by the fact, that the Cmcm-polymorph possesses only one strontium site. The spectral position of the emission maximum is close to the 562 nm emission from the monoclinic (P2 1 /m) sample. This is the result of the almost identical coordination spheres of the partially europium substituted strontium site within the two compounds. The average bond length within the strontium coordination polyhedron in the Cmcm-polymorph amounts to 2.668(5) Å and is similar to the corresponding value for the smaller strontium site in the P2 1 /m-polymorph with 2.667(6) Å. According to Wang et al. this site is most likely responsible for the long wavelength emission [29] . Again, comparing this to the polymorphism in SrSi 2 O 2 N 2 :Eu 2+ , the result in both cases is a redshift of the macroscopically observed emission. In SrSi 2 O 2 N 2 :Eu 2+ , the redshift occurs because of shorter activator-ligand distances, while the redshift in Sr 2 AlLiO 4 :Eu 2+ results from the fact that one of the two emission bands disappears. This effect is a direct consequence of the higher symmetry as the number of crystallographic sites is reduced from two sites in space group P2 1 /m to only one site in space group Cmcm.
Adding a nitrogen source to the reaction mixture leads to a compound which is structurally identical to the Cmcm-polymorph of Sr 2 LiAlO 4 . However, the emission is red-shifted with its maximum at 572 nm (17 400 cm −1 ; 2.16 eV) and a slightly broader fwhm of 64 nm (1950 cm −1 ; 0.24 eV). The red shift is a strong indication for the presence of nitrogen within the coordination sphere of the europium atom as nitrogen leads to a larger nephelauxetic effect than oxygen. The nitrogen substitution also explains the broadening of the emission band since it necessarily leads to a larger variety of local environments for the europium activator. For this reason, the structure was refined allowing for small amounts of nitrogen on the oxygen sites. On that basis, the structure converged to better R values, resulting in the sum formula Sr 2 Sr1 0.0111 (7) 0.0117 (7) 0.0071(7) 0 0.0001(3) 0 Ba1 0.0111 (7) 0.0117 (7) 0.0071(7) 0 0.0001(3) 0 Sr2 0.0099 (7) 0.0101 (7) 0.0060 (7 substitution, the emission is strongly red-shifted and broadened relative to unsubstituted Sr 2 LiAlO 4 :Eu 2+ . Furthermore, despite the presence of two strontium positions within the structure, there is no visible splitting of the emission band. This indicates that the europium is only substituted onto one of the alkaline-earth sites. Taking into account the size of the coordination spheres, the observed red shift and the ionic radius of Eu 2+ , it can be assumed that only the Sr2 site is substituted with europium [32] . This is also in accordance with the observed red shift as the distance to the closest coordinating oxygen atoms is significantly smaller in Sr 1.85 Ba 0.15 LiAlO 4 (2.519 Å) than in the pure strontium compound (2.565 Å) causing a larger crystal field splitting. The emission spectra discussed in this work are depicted in Fig. 6 . in open Ni crucibles. The reactants were heated to 800°C, under a flowing atmosphere of 7.5% H 2 in N 2 at a pressure of 10 bar. The temperature was held for 12 h. This synthesis yielded crystals with an intense amber body color.
Single-crystal X-ray diffraction
Single crystals were isolated from the samples under a microscope. The diffraction data was collected using a Bruker D8 Quest Kappa diffractometer with monochromatic MoKα radiation (λ = 0.71073 Å) coupled with a Photon 100 CMOS detector (Bruker, USA) or monochromatic CuKα radiation (λ = 1.54178 Å) coupled with a Photon II detector (Bruker, USA). The structures were solved with Shelxs (version 2013/1) and refined with Shelxl (version 2014/7) using WinGX (version 2013/3). Images for the visualization of the structure were created using the Diamond 3.2k application.
Further details of the crystal structure investigations may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe. de, http://www.fiz-informationsdienste.de/en/DB/icsd/ depot_anforderung.html) on quoting the deposition number CSD-1947835 for Sr 1.85 Ba 0.15 LiAlO 4 (Pnma), CSD-1947834 for the P2 1 /m-polymorph of Sr 2 LiAlO 4 , CSD-1947832 for the Cmcm-polymorph of Sr 2 LiAlO 4 , and CSD-1947833 for the nitrogen-containing derivate Sr 2 Li 0.9 Al 1.1 O 3.8 N 0.2 (Cmcm).
Luminescence measurements
